The two-dimensional diffusive dynamics of test particles in a random electromagnetic field is studied. The synthetic electromagnetic fluctuations are generated through randomly placed magnetised "clouds" oscillating with a frequency ω. We investigate the mean square displacements of particles in both position and velocity spaces. As ω increases the particles undergo standard (Brownian-like) motion, anomalous diffusion and ballistic motion in position space. Although in general the diffusion properties in velocity space are not trivially related to those in position space, we find that energization is present only when particles display anomalous diffusion in position space. The anomalous character of the diffusion is only in the non-standard values of the scaling exponents while the process is Gaussian.
I. INTRODUCTION
Since the paper by Fermi on the origin of cosmic radiation [1] , stochastic acceleration of charged particles in random electromagnetic fields is a topic of primary interest because it plays a crucial role in understanding a lot of dynamical processes in astrophysics, space physics and laboratory plasmas (among the huge literature cf. e.g. Ref.s [2, 3, 4, 5, 6, 7] and references therein). In the non-relativistic case stochastic acceleration can be viewed as a diffusion process in position and velocity space and it can be studied using a dynamical system approach [8, 9, 10, 11, 12] . In this framework, the diffusive motion of particles in turbulent magnetic fields reveals a rich class of nonlinear phenomena, but the influence of electric fluctuations is not well understood, at least not at the same level as for magnetic fluctuations. When electric fluctuations are present, the electromagnetic field is not stationary, diffusion in velocity space can occur also in 2-D and it is at least as interesting as the usual diffusion in position space. In particular the well known different diffusive regimes in position space, namely standard (i.e. brownian-like) and anomalous diffusion, are related in a nontrivial way to diffusive regimes in velocity space [10, 13] . In the present paper we investigate the diffusive dynamics of test particles subjected to a stochastic electromagnetic field. Electric and magnetic fluctuations are obtained through a random distribution of oscillating magnetised "clouds". Different diffusive regimes are found as the oscillation frequency of the clouds changes, and a nontrivial relationship between diffusive properties in position and velocity spaces is observed.
II. THE STOCHASTIC ELECTROMAGNETIC FIELD MODEL
We study the non-relativistic behavior of charged particles interacting with a stochastic electromagnetic field, the motion of each test particle being described by the usual equations of motion
A simple synthetic model for the electromagnetic fluctuating quantities can be obtained using a vector potential A that lies on the (x, y) plane, namely A = (A x (r, t), A y (r, t), 0). In the gauge where the scalar potential is zero, the electric field is given by E = (E x , E y , 0) = −∂A/∂t, while the magnetic field lies in the direction perpendicular to the (x, y) plane, namely B = (0, 0, B) = ∇ × A. With these assumptions the particle dynamics becomes bidimensional because the z component of the Lorentz force is zero.
We consider a model where the electromagnetic fluctuations are due to the superposition of electric and magnetic fields generated by magnetised "clouds" which evolve in time according to some prescribed laws. While in the original model by Fermi cosmic rays interact with clouds only through usual collisions [1, 10, 11] , here we investigate the case where the Lorenz force acts continuously on a test particle. We consider an L × L square as the basic cell containing N "clouds". We suppose that the basic cell is repeated in space and that the two components of the vector potential are thus constructed through the superposition
where ψ = e −ξn , ξ n = |r − r n (t)|/R, r n (t) = (x n (t), y n (t)) are the coordinates of the n-th allowed to move with a given bulk speed, here the motion of the obstacles has been chosen to be sinusoidal along both x and y. That is, the coordinates of the n-th obstacle x n (t) and y n (t) are given by
where x n0 and y n0 are the initial coordinates of the n-th obstacle, a n and b n are the amplitudes of the oscillations of the n-th obstacle along x and y respectively, ω n is the oscillation frequency, and α n and β n are the initial oscillation phases, randomly chosen within the interval [0, 2π] . For the present paper we choose to keep the problem as simple as possible, so that we used the same values of motion amplitudes and frequencies for all clouds, namely a n = b n = a and ω n = ω. The N clouds contained in the basic cell are irregularly distributed, that is, with random initial positions (x n0 , y n0 ).
The motion equations can be adimensionalised by using the following normalization fac-
v 0 = Lω 0 for velocity, E 0 = A 0 ω 0 for electric field respectively, so that finally Eq. (2) can be written as
where
e i denotes the unit vector along the i-th direction on the plane, and N.T. stands for the similar terms given by the clouds in the nearest cells.
In [9] a dynamical system study in the case of few obstacles can be found.
III. TEST PARTICLE SIMULATIONS
The model described above is investigated through test particle numerical simulations.
The motion equations are solved using a 4th order Runge-Kutta scheme. Particles are injected at random positions within the simulation box, with velocities extracted from a 2-D 
with ν x = 1/2, the diffusion is said to be anomalous, the cases ν x > 1/2 and ν x < 1/2 being called superdiffusion and subdiffusion respectively. Diffusion in the velocity space can be studied by investigating the scaling of the velocity mean square displacements with time, that is,
The mean square displacements of position and velocity are shown in Fig. 2 and Fig. 3 respectively for the three vales of ω which are used. The best fits with power laws are also shown as solid lines. The values of the ν x and ν v exponents obtained from the fits are given in Table I value indicates that the system is in a standard diffusion regime. For both ω = 1 and ω = 10 a superdiffusive behavior in position is observed, and the system seems to exhibit diffusion also in velocity, with the velocity mean square displacements showing a power law dependence. As a consequence of the time correlations, the relation between scaling exponents ν x and ν v is not simple [10, 13] . In fact, a straightforward calculation shows that
In the classical diffusion process, where accelera-
proportional to t by integrating over t ′ . Therefore anomalous diffusion in the position space is entirely due to long time tails of C(τ ). However, in the absence of stationarity the presence of C(t ′ , τ ) makes the scaling exponents ν x and ν v not related in a simple way. In this situation only the upper bound ν x ≤ ν v + 1 can be derived [10] . When the electric field is strong, or in other words when very strong time correlations of velocities at different times are present, the equality ν x = ν v + 1 (i.e. the maximum allowed difference between ν x and ν v ) seems to occur [10, 13] . This indicates that the precise relationship between scaling exponents in the position and velocity spaces is strongly dependent on the correlations introduced in the model. Different models are characterised by different scaling properties.
For example in the model of Vlahos et al. [7] , where different correlations are used, ν x ≃ 1.15
is found for position space diffusion, which is similar to the value obtained in the present model for ω = 10, but velocity diffusion is weaker, namely ν v ≃ 0.17 with respect ν v ≃ 0.39 (cf. Table I ). PDFs does not change significantly with respect to the initial one, remaining nearly Gaussian. However, the standard deviations of v x and v y increase as ω increases (see Table II ),
i.e. the velocity distributions become broader.
IV. CONCLUSIONS
In conclusion we investigated a model of particle diffusion and acceleration in stochastic electromagnetic fields, focusing on the diffusive properties in both position and velocity spaces. As the oscillation frequency of the magnetised "clouds", which produce the electromagnetic fields, increases, the diffusion in position space goes from a Brownian-like regime to anomalous diffusion, with ballistic motion for the highest investigated frequency. Correspondingly, diffusion in velocity space also shows a change from Brownian-like behavior to anomalous diffusion. However the relation between the diffusion exponents in position and velocity does not seem to be simple, depending on the detailed properties of the time correlation introduced in the model at hand. In the cases where anomalous diffusion is present, a broadening of the particle velocity distribution is also found, even if their shape remains nearly Gaussian. In other words, the anomalous diffusion mechanism at work is associated to an energization of the bulk particle population and not to the existence of high energy tails in the velocity distribution.
